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Acquisition of terrestrial life by 
human ancestors influenced by 
forest microclimate
Hiroyuki Takemoto
Bipedalism, terrestriality and open habitat were thought to be linked to each other in the course of 
human evolution. However, recent paleontological evidence has revealed that early hominins evolved 
in a wooded, humid environment. Did the evolutionary process from arboreal to terrestrial life actually 
require open habitat? Here I report the seasonal change in forest utilization height of West African 
chimpanzees (Pan troglodytes) and central African bonobos (Pan paniscus), and show that the difference 
in terrestriality between these two species was mainly caused by ambient temperature differences 
between the two study sites. The key factor was the vertical structure of the microclimate in forests and 
its seasonality. The results suggest the possibility that human terrestrial life began inside a forest rather 
than in the savannah. Increasing seasonality and prolongation of the dry months throughout the late 
Miocene epoch alone could have promoted terrestrial life of our human ancestors.
The common ancestor of the Pan and human lineages is thought to have been an arborealist1 and all early hom-
inin fossils have been found in forest patches or environments close to forests2–6. Fossils of Ardipithecus rami-
dus, an early-stage human ancestor after divergence from the Pan clade 4.4 millions years ago (mya), prove that 
this species adopted conditions involving terrestrial upright bipedality, and foraging in trees7. This species thus 
demonstrates that the human lineage never experienced knuckle walking like that of modern chimpanzees or 
gorillas8. Modern ape locomotion studies have shown that bipedalism can happen in an arboreal context to enable 
reaching flexible branches9–11, although modern ape bipeds are not accompanied by anatomical specializations 
for upright bipedal locomotion12. The above evidence may indicate that bipedalism, terrestriality and open habitat 
are not necessarily linked; and a partially terrestrial lifestyle in early hominins started in the time period when 
forests were still the main habitat for humans. The beginning of terrestrial life, in other words, will be explained 
independently from the establishment of bipedalism or expanding into open habitat. However, there have been 
no reports about the ecological factors contributing to the transition from arboreal to terrestrial life inside forests 
during the course of human evolution. Why did our hominin ancestors descend from the trees to the forest floor?
Ardipithecus teeth reveal that this species was more omnivorous than present-day chimpanzees13, and they 
ate fruit, nuts, tubers and animal foods such as insects, including some terrestrial foods, but feeding outside of 
the forest was rare14. We can conceive firstly that they sought foods on the forest floor or outside of the forest 
when food availability in the tree crown was scarce. In studies of present-day chimpanzees, however, the vertical 
distribution of the food supply cannot fully explain the seasonal change in terrestriality. Ground use in Taï chim-
panzees, in West Africa, varied month to month and nut cracking behaviour on the ground was mentioned as a 
reason for this only for females in a particular month15. In Gombe, East Africa, though chimpanzees shift their 
feeding place to the ground in the dry season for eating shrub fruits or fallen fruits, they rest in trees in the wet 
season to avoid being affected by ground moisture16.
Feeding and resting places are almost independent in the Bossou forest, West Africa17. Terrestriality increases 
in the dry season not in order for chimpanzees to seek terrestrial foods, but rather to reduce the energy loss 
caused by the vertical structure of the microclimate. In general, the higher one goes up in the canopy, the more 
the air temperature rises and the more the relative humidity decreases compared to the ground surface during 
the daytime in a tropical forest18. Seasonal differences in the effective temperature appear to be narrow because 
animals move to higher places above the ground during the cool season and move nearer to ground level during 
the hot season. Diurnal analysis of ground usage in chimpanzees in a particular season clearly demonstrated that 
climatic variables affected their terrestriality in the Budongo forest, East Africa19.
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The above four chimpanzee study sites, located in the peripheral zone of the African rain forest, have a seasonal 
climate with a significant dry season showing higher daytime temperature than the wet season18. Comparison of 
high and low seasonality habitats is needed to investigate the impact of temperature on Pan species’ terrestriality. 
This information will clarify how climate change historically influenced the early human lineage after an age of 
high seasonality arrived. Typical tropical rain forests, showing little seasonality, occupy the middle of central 
Africa, namely the Congo Basin, where bonobos live.
The Wamba area located in the core zone of the African tropical rain forest has a tropical wet or super-wet 
climate with 2,500 mm or more annual precipitation20 and no distinct dry months, though there are occasional 
short dry periods in January. Deciduous trees are rare in the primary forest. In contrast, annual rainfall at Bossou 
is around 2,200 mm and there are clear dry months from November to February owing to the proximity of the 
area to the northern edge of the tropical rain forest zone21. The climate there is defined as a tropical wet seasonal 
climate, and the forest contains a high proportion of deciduous trees22.
I compared space utilization in the wettest and driest months of Bossou chimpanzees and Wamba bonobos, 
using tree fruit availability (FAI) and forest microclimate as environmental factors. The activity budgets of six 
individuals at Wamba and four individuals at Bossou were recorded by following one individual for an entire 
day for as long as possible. Behaviour was categorized as arboreal feeding (AF); arboreal resting (AR); arboreal 
moving (AM); terrestrial feeding (TF); terrestrial resting (TR); and terrestrial moving (TM). Space utilization was 
evaluated as daily time spent on the ground (terrestriality: TF + TR + TM) and utilization height was recorded 
every ten minutes. The utilization height of an individual was expressed relative to the canopy top (relative 
height). Utilization heights for the focal animal were recorded instantaneously every 10 minutes by triangulation 
using a laser rangefinder (OptiLogic 400LH) and daily averages were calculated from this data.
Not only air temperature but also other climatic variables, such as humidity or rainfall, may affect terrestriality. 
Clumped spatial patterns of fruit bearing trees may lengthen travel distance or time for moving between food 
patches. As a result, terrestriality may be strengthened. Some specific terrestrial foods for chimpanzees too, such 
as fallen nuts for cracking15, act as a motivating factor to move to the ground. The averages of these factors in each 
research period are shown in Fig. 1. Feeding time on terrestrial herbaceous vegetation (THV), ant dipping (a tool 
use behaviour for harvesting driver ants), and oil palm nut cracking were chosen as the effect of terrestrial foods 
for Bossou chimpanzees. Likewise, feeding time on THV and a species of subterranean mushrooms (local name, 
“Simbokilo”, which bonobos sometimes spend time foraging on in the swamp forest floor; ref. 23) were used as 
the terrestrial food effect for Wamba bonobos.
Results
A clear trend in the vertical structure of air temperature was observed in both forests and in both research periods 
(Fig. 1). The canopy had daytime temperature about 5 °C~7 °C higher than that near the ground. The Bossou for-
est showed a greater seasonal difference in maximum temperature (>5 °C at same height) than the Wamba forest 
(<1 °C). The Bossou forest had a greater seasonal difference not only in air temperature but also in humidity, pre-
cipitation and fruit supply compared to the Wamba forest (Fig. 1). Dry months in Bossou showed high fruit avail-
ability and clumped distribution in fruiting trees, as well as a hotter and more arid microclimate. In contrast, the 
Wamba forest had little seasonal fluctuation in food supply and climate environment during the research periods.
The average utilization heights of all activity in Wamba bonobos did not differ between the two research 
periods: The values were 0.46 ± 0.25 S.D. in rainy months and 0.51 ± 0.17 in dry months (two-tailed Wilcoxon 
rank sum test, nWR = 30, nWD = 22, W = 381, p = 0.35) (hereafter, nW = sample size for Wamba, nWR = Wamba 
rainy months, nWD = Wamba dry months, nB = Bossou, nBR = Bossou rainy months, nBD = Bossou dry months). 
Similarly, there were no differences in AR (rainy months 0.53 ± 0.26, nWR = 30, dry months 0.66 ± 0.13, nWD = 21, 
W = 396, p = 0.12), AM (rainy 0.50 ± 0.25, nWR = 18, dry 0.60 ± 0.23, nWD = 18, W = 132, p = 0.33) or Resting 
(AR + TR) height (rainy 0.50 ± 0.25, nWR = 30, dry 0.60 ± 0.23, nWD = 22, W = 375, p = 0.41) (Fig. 1). There was a 
slight difference in AF height: It was higher when fruit was abundant (rainy 0.77 ± 0.11, nWR = 28, dry 0.69 ± 0.10, 
nWD = 21, W = 175, p = 0.0157). Utilization heights in Bossou chimpanzees were quite different from those in 
Wamba bonobos. The all-activity utilization height was higher in rainy months (0.65 ± 0.18) than in dry months 
(0.31 ± 0.18) (nBR = 16, nBD = 19, W = 34, p < 0.0001). There was no difference in AF height, but there was a 
significant difference in AR height (rainy 0.73 ± 0.14, nBR = 16, dry 0.51 ± 0.23, nBD = 19, W = 57, p = 0.0037), in 
AM height (rainy 0.60 ± 0.18, nBR = 16, dry 0.29 ± 0.21, nBD = 19, W = 15, p < 0.001) and in Resting height (rainy 
0.65 ± 0.21, nBR = 16, Dry 0.24 ± 0.23, nBD = 19, W = 27, p < 0.0001).
Seasonal difference in terrestriality showed the same trends as utilization heights (Fig. 1). Terrestriality in 
Wamba was constant (rainy: 29.0 ± 22.7%, nWR = 30, dry: 28.0 ± 23.2%, nWD = 22, W = 325.5, p = 0.94), whereas 
Bossou chimpanzees used the ground for a much greater fraction of the time in dry months (50.1 ± 23.5%) than 
rainy months (13.5 ± 14.3%) (nBR = 16, nBD = 19, W = 278, p < 0.0001). All terrestrial behaviours (TF, TR and 
TM) of Bossou chimpanzees showed significantly larger time budgets in dry months than rainy months. On the 
other hand, those of Wamba bonobos showed no seasonal differences (Table 1). Bossou chimpanzees spent more 
time on the ground than did Wamba bonobos in dry months (nBD = 19, nWD = 22, w = 312, p = 0.0064), whereas 
less time was spent on the ground in rainy months (nBR = 16, nWR = 30, w = 139, p = 0.0204).
Both bonobos and chimpanzees were observed on the ground in rainy months as well as dry months. 
Frequencies of daily terrestriality, however, varied between the research sites and seasons (Fig. 2). In Wamba, 
focal animals spent less than 20% of the time on the ground in a day on most days in both rainy and dry months. 
There was no seasonal difference (Fisher’s exact test, χ2 = 4.84, p = 0.304). In rainy months, Bossou chimpanzees 
spent less time (<20%) on the ground most days, and there were no days in which more than 60% of the time was 
spent engaged in terrestriality. They did not descend to the ground at all on two of the 16 observation days in the 
rainy months, whereas the least amount of daily terrestriality was 11.6% of 19 days observation in dry months. 
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The peak frequency shifted from 0–20% in rainy months to 60–80% daily terrestriality in dry months (χ2 = 15.20, 
p = 0.00134).
MCMCglmm using R was performed based on daily data to estimate which factor most strongly affected 
terrestriality (Table 2). Ambient temperature fluctuation inside the forest was the major factor affecting space uti-
lization in both populations, except for sexual differences. The correlation between forest temperature and indices 
of space utilization is shown in Fig. 3. As maximum daytime temperature increased, Pan species’ utilization height 
gradually decreased and terrestriality increased. On hotter days, chimpanzees and bonobos spent more time on 
the ground and they used lower strata in the forests in each activity. There was no clear influence of other factors 
(vertical and horizontal distribution of food, rain or humidity, species or research site difference) on terrestrial-
ity. None of them showed the lowest pMCMC value in the single factor analyses or significant coefficients (post 
mean) in full factor models (Table 2).
Males showed greater terrestriality than females (male: 40.8 ± 23.2%, n = 34, female: 23.5 ± 23.1%, n = 52, 
w = 503, p = 0.0008; Fig. 1) and females used higher strata in forests (overall height; males: 0.31 ± 0.21, females: 
0.53 ± 0.24, w = 1340, p < 0.0001) in both research sites. However, the trends of the response to ambient 
Figure 1. Scheme of the seasonal relationship between forest environments and utilization height or 
terrestriality in chimpanzees and bonobos. Upper: Seasonal changes in fruit availability and estimated air 
temperature contour lines. Broken lines mean alternative values were used when actual measurements were 
lacking (see Methods). Utilization heights were represented by height relative to the canopy where the forest 
microclimate was measured. Each vertical length of behaviour reflects the standard deviation. Behaviours 
surrounded by thick lines showed significant seasonal differences in each site. Middle: Time spent for terrestrial 
behaviour (%). Lower: Averages of environmental factors in each research period. AF: Arboreal feeding, AR: 
Arboreal resting, AM: Arboreal moving, Resting: Arboreal and terrestrial resting (AR + TR), D: Average of daily 
values, W: Every two-weeks’ values.
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temperature were parallel in both sexes (Fig. 3). Males, having bigger body size than females, probably had 
difficulty to eat foods in the top branches of trees, as shown by the height of AF (Table 2). In addition, some 
socio-ecological factors, such as predation pressure might have caused this sex difference.
Discussion
The factor “research site” contains various random effects between the two sites other than the factors listed in 
Table 2, such as species difference, topography, solar radiation, forest structure, soil water content and earth 
temperature. For example, the Wamba rain forest has a better developed stratum structure than the Bossou 
semi-deciduous forest, but the utilization heights of Pan species showed no apparent difference between both 
forests when the canopy heights was regulated in the same height (i.e. relative height analysis). Thus, these factors 
had little effect on the space utilization of these Pan species (Table 2). From the viewpoint of thermoregulation, 
there is no reason to consider that bonobos act differently from chimpanzees in response to ambient temperature. 
The lack of a large seasonal difference in air temperature in the Wamba forest might be the reason for the lack of 
a seasonal difference in terrestriality or resting height for bonobos (Fig. 1).
For the purpose of thermoregulation, decreasing utilization height and increasing terrestriality in Pan spe-
cies are thought of as related phenomena. If terrestrial behaviour is influenced by some specific factors such as 
disliking wet ground16 or risk of infection by some parasites24, utilization height in trees need not have a corre-
lation with ambient temperature. The thermoneutral zone of the ambient temperature for primates usually has 
a range of less than 5 °C, although the range differs depending on the species. The upper critical temperatures 
for anthropoids range from 25 °C to 34 °C and the lower critical temperatures range from 24 °C to 28 °C17. The 
thermoneutral zone for naked humans is reported to be from 25–27 °C to 28–31 °C25. It appears that a seasonal 
difference of 11.5 °C in the average maximum temperature (daily values ranged from 21.8 °C at 1.5 m height in wet 
months to 37.9 °C at the canopy in dry months) in the Bossou forest, exceeds physiological adaptations such as 
acclimatization. The seasonal shift in utilization heights might help to narrow down the range of acclimatization 
and reduce thermoregulation costs. The effective temperature range is made wider by solar radiation or rain. It is 
natural that endotherms would move to more comfortable places according to ambient temperature fluctuation.
Bonobos and chimpanzees tended to rest on the ground during midday in both research periods. This may 
be caused by diurnal changes in thermal conditions, which showed the maximum air temperature in the early 
afternoon. Daily time spent on the ground, however, was shorter in rainy months than in dry months by Bossou 







(n = 30) b
Dry months 
(n = 22) Averages (n = 52) Averages (n = 35)
Rainy months 
(n = 16) b
Dry months 
(n = 19)
AF ns 17.71 ± 10.23 * 28.58 ± 14.94 22.31 ± 13.49 ns 23.67 ± 13.01 22.86 ± 15.36 ns 24.36 ± 11.05 ns
AR ns 47.98 ± 23.06 ns 40.28 ± 25.56 44.72 ± 24.21 ns 39.52 ± 27.34 59.93 ± 22.76 *** 22.33 ± 17.25 *
AM ns 5.27 ± 3.21 * 3.15 ± 3.28 4.37 ± 3.38 ns 3.44 ± 2.30 3.68 ± 2.69 ns 3.23 ± 1.97 ns
TF * 7.78 ± 10.15 ns 4.53 ± 7.03 6.30 ± 9.02 ns 4.06 ± 4.07 2.19 ± 2.98 ** 5.64 ± 4.27 ns
TR * 18.57 ± 16.88 ns 21.51 ± 20.15 20.25 ± 18.18 ns 21.86 ± 21.96 8.20 ± 10.83 *** 33.37 ± 22.52 ns
TM ns 2.12 ± 2.08 ns 1.95 ± 3.46 2.04 ± 2.72 *** 7.45 ± 5.80 3.14 ± 2.93 *** 11.08 ± 5.09 ***
Table 1. Averages in activity budgets (% ± S.D.) stratified by research site and season. ap values by two-tailed 
Wilcoxon rank sum test between research sites. bp values between two seasons within a research site. cp values 
for rainy months between research sites. dp values for dry months between research sites. *p < 0.05, **p < 0.01 
***p < 0.001.
Figure2. Seasonal diffence in the frequency of daily terrestriality (%). Blue bars: rainy months. Red bers: dry 
months.
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Response variable
Full factor Single factor
Terrestriality Height (All behaviour) Height (AF) Height (AR) Height (Resting)













Fruit availability −0.32 0.34 −0.03 0.92
Fruiting tree distribution 
(clumped) 1.34 0.35 −0.44 0.76
Terrestrial foods 0.49 0.58 −0.01 0.41
Meteorology
Max. Temp. 0.27 0.001 −0.36 < 0.001 −1.10 0.002 −0.43 < 0.001
Min.Temp. 0.14 0.47 0.07 0.71
Min.Humid.g/m3 −0.07 0.27 0.02 0.74
Daily Rainfall −0.01 0.35 0.01 0.29
Sex (♂) 1.08 0.001 −1.44 <0.001 −1.10 0.003
Site (Wamba) 1.53 0.39 −0.19 0.91
Table 2. Results of MCMCglmm for terrestriality and utilization heights. Full factor models were chosen for 
the analysis of “Terrestriality” and “Height of all behaviour”. Other three analysis for utilization heights were 
shown as single factor models.
Figure3. Correlation between utilization height (upper, middle) or terrestriality (lower) and daily maximum 
ambient temperature according to sex.
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in dry months, AM was observed mostly when they were climbing up or descending from a tree, that yielded a 
lower AM height in dry months (Fig. 1). On the other hand, they rested on the ground in a low frequency and 
rested in trees even at midday in rainy months. Therefore, AM height was not significantly different from AR 
height in the rainy season at Bossou (Fig. 1). Thus, diurnal changes in utilization height itself shifted seasonally 
and that generated greater time spent on the ground in dry months.
Both bonobos and chimpanzees have acquired a semi-terrestrial life style. Therefore, Wamba bonobos showed 
a certain degree of terrestriality in a certain stable thermal environment, helped by acclimatization or adaptation. 
A. ramidus is thought to have evolved from an arborealist, who may have adopted a low seasonal habitat spending 
little time on the ground. The appearance of higher daytime temperature months and a prolongation of them 
might have been enough for these arboreal ancestors to start a semi-terrestrial life, even if they spent much of the 
time in trees the rest of the year. In addition, a dry period of more than four months would result in the reduction 
of continuous forest areas. The extending of the dry months and forest area reduction combined probably further 
promoted terrestriality in hominins.
Most hypotheses about human evolution have considered climate change in the late Miocene, namely, a 
change to being cooler, drier with a higher degree of seasonality, than in the previous epoch, as a factor affecting 
habitat change from forest to savannah or savannah woodland26. Climate fluctuation, however, has been indicated 
to be one of the environmental drivers for human evolution26, 27. The present study showed a specific function of 
a strongly seasonal climate on the terrestriality of Pan species, and pointed out the possibility that the main factor 
behind habitat change, which led to human terrestrial life, was climate change itself.
Wetter and drier periods alternated under the influence of a monsoonal climate associated with the uplift 
of Tibet, and dry periods would have emerged at the peripheral zones of rain forests, such as in eastern North 
Africa28. At 9.9 to 9.3 mya in Africa, increasing C4 plants resulted from lower annual rainfall and a more pro-
nounced dry season29. Climate seasonality became more pronounced toward the Pliocene30. This global aridifi-
cation caused intermittent reductions of forest area through the middle to late Miocene. The peripheral area of 
the forest zone in the late Miocene should have had a seasonal climate, like that at Bossou today. The ancestor of 
hominins could not escape the effects of climate change in the forest, which was then their main habitat. They 
acquired a partial terrestrial lifestyle before the reduction of forest area. This may have served as a pre-adaptation 
for life on the woodland to savannah.
A. ramidus lived in patched semi-deciduous forest, occupied by palm trees2. That is a very similar environ-
ment to the forest of Bossou, which is a small semi-deciduous forest dominated by Moraceae species, including 
Ulmaceae such as Celtis spp, and is surrounded by savannah dotted with palm trees (Elaeis guineensis)22. It is thus 
possible to think that the ancestor of hominins acquired its terrestrial life habit in a strongly seasonal, isolated 
forest something not unlike the Bossou forest.
Methods
The study was approved by the Field Research Committee of the Primate Research Insitute, Kyoto University. Data 
collection was approved by the Centre de Recherche en Ecologie et Forestrie (CREF) of Democratic Republic du 
Congo, Direction Nationale de la Recherche Scientifique et Technique (DNRST) and the Institut de Recherche 
Environnementale de Bossou (IREB), Republic du Guineé. All data including behavioural observation, phenol-
ogy and meteorology were non-invasively collected.
The research was non-invasive and all methods were performed in accordance with the Association for the 
Study of Animal Behaviour guidelines. The wettest months for Wamba (N0′ 11″, E22′38″) were September to 
November 2008 and August to September 2007 for Bossou (N7′ 38″, W8′ 30). The driest months for Wamba were 
December to February 2005–2006 and 2007 and January to February 2008 for Bossou. The study sites of Wamba, 
in the Democratic Républic du Congo (representative rain forest habitat of bonobo in central Africa), and Bossou 
in the Républic du Guineé (representative seasonal forest chimpanzee habitat in west Africa), were chosen to 
compare utilization height and terrestriality. Data for Wamba dry months were combined from two different 
years. Group size was 24 for Wamba bonobos (E1 group) and 13 for Bossou chimpanzees at the beginning of this 
study.
The following methods were used at both sites, except for the analysis of the distribution of fruiting trees. 
The activity budgets of six individuals (three adult males and three adult females) for Wamba and four individ-
uals (two adult males and two adult females) for Bossou were recorded by focal animal sampling and continu-
ous recording methods, following one chimpanzee for an entire day or as long as possible to avoid introducing 
observation bias associated with grouping patterns, social behaviour, or visibility. Table 3 shows the total obser-
vation time for each focal animal. Utilization heights for the focal animal were recorded instantaneously every 
10 minutes by triangulation using a laser rangefinder (OptiLogic 400LH) and the daily averages were calculated. 
Utilization height was always expressed as values of 0–1 (relative height to the canopy), wherever the study subject 
was found in the forests.
Thermo-hygrometers (CHINO HN-CN, precision: ±0.5 °C, ±0.2%) with shade to protect against solar radia-
tion and rain were set in selected trees at 1.5 m to near the tree crown in mature secondary forest at Bossou, and in 
primary forest at Wamba to examine seasonal differences in the vertical structure of the forest microclimate. Air 
temperature and absolute humidity were automatically recorded every 10 minutes and the daily maximum and 
minimum values were determined. At Bossou, because the thermo-hygrometers placed at 11 m height malfunc-
tioned in the rainy months, so the temperature in the primary forest at the same height was used as a represent-
ative value in the figures. Because the air temperature at the canopy could not be measured in the Wamba forest, 
the temperature at a forest gap was substituted for the canopy temperature in the figures. The daily average wind 
velocity, measured using a Kestrel 4000 at 1.5 m and 10 m inside forests, might be negligible. Most days showed an 
www.nature.com/scientificreports/
7Scientific RepoRts | 7: 5741  | DOI:10.1038/s41598-017-05942-5
average wind velocity of 0.0 m/s and maximum wind velocity exceeded 2 m/s on only two days at 10 m height in 
dry months at Wamba (3.3 m/s, 4.3 m/s).
I estimated tree fruit availability every two weeks in line transects established in the home range of each Pan 
species. The number of target trees more than 5 cm in DBH, regardless of life form such as liana or low tree, was 
749 at Bossou and 104 at Wamba. Fruit abundance for each tree was ranked on a relative scale from 0–3, and FAI 
(fruit availability index (%)) was calculated, with the FAI when all trees were fully fruited (scale of 3) taken as 
100%, as follows
∑ ∑= × × ×FAI [ (Pi Fi)/ (Pi 3)] 100 (1)
where Pi is the basal area of tree i (cm2), and Fi is the fruiting score of tree i (0–3).
The distribution of fruiting trees was tested using Morisita’s Index of dispersion as a unit 50 m in length and 
randomness was estimated.
∑ ∑χ = − + − . . = −δI ( x 1) n x (d f n 1) (2)2
where χ2 is the test statistic for Morisita’s index of dispersion (chi-square distribution), n is sample size, Iδ is 
Morisita’s index of dispersion, ∑x = sum of the fruiting trees. In Wamba, the fallen fruit census data of the Wamba 
research team, which ran along the same trail as the FAI transects, was used for calculating Morisita’s Index. The 
sample sizes were 41 (2,050 m) at Bossou and 56 (2,800 m) at Wamba.
MCMCglmm (MCMC generalized linear mixed models) in R package was performed to estimate factors 
affecting utilization height by Pan species. Family = “ordinal”, nitt = 1,000,000, thin = 100, burnin = 100,000, were 
set for the analysis.
References
 1. White, T. D. et al. Ardipithecus ramidus and the Paleobiology of Early Hominids. Science 326, 75–86 (2009).
 2. WoldeGabriel, G. et al. Geology and palaeontology of the Late Miocene Middle Awash valley, Afar rift, Ethiopia. Nature 412, 
175–178 (2001).
 3. Senut, B. Bipedie et climat. C.R. palevol. 5, 89–98 (2006).
 4. Vignaud, P. et al. Geology and palaeontology of the Upper Miocene Toros - Menalla hominid locality, Chad. Nature 418, 152–155 
(2002).
 5. WoldeGabriel, G. et al. The geological, isotopic, botanical, invertebrate, and lower vertebrate surroundings of Ardipithecus ramidus. 
Science 326, 65e1–65e5 (2009).
 6. Fur, S. L., Fara, E., Mackaye, H. T., Vignaud, P. & Brunet, M. The mammal assemblage of the hominid site TM266 (Late Miocene, 
Chad Basin): ecological structure and paleoenvironmental implications. Naturwissenschaften 96, 565–574 (2009).
 7. Lovejoy, C. O., Suwa, G., Spurlock, L., Asfaw, B. & White, T. D. The Pelvis and Femur of Ardipithecus ramidus: The Emergence of 
Upright Walking. Science 326, 71 (2009).
 8. Lovejoy, C. O., Suwa, G., Simpson, S. W., Matterners, J. H. & White, T. D. The Great Divides: Ardipithecus ramidus reveals the 
postcrania of our ancestors with African apes. Science 326, 100–106 (2009).
 9. Tuttle, R. H. Darwin’s apes, dental apes and the descent of man. Current Anthropology 15, 389–426 (1974).
 10. Hunt, K. D. Positional behavior of Pan troglodytes in the Mahale Mountains and Gombe Streem National Parks, Tanzania. Am. J. 
Phys. Anthropol. 87, 83–105 (1992).
 11. Thorpe, S. K. S., Holder, R. L. & Crompton, R. H. Origin of human Bipedalism as an adaptation for locomotion on flexible branches. 
Science 316, 1328–1331 (2007).
 12. White, T. D., Lovejoy, C. O., Asfaw, B., Carlson, J. P. & Suwa, G. Neither chimpanzee nor human, Ardipithecus reveals the surprising 
ancestry of both. Proceedings of the National Academy of Sciences 112(16), 4877–4884 (2015).
 13. Suwa, G. et al. Paleobiological Implications of the Ardipithecus ramidus Dentition. Science 326, 68 (2009).
 14. White, T. D. et al. Macrovertebrate Paleontology and the Pliocene Habitat of Ardipithecus ramidus. Science 326, 87–93 (2009).
 15. Doran, D. Sex differences in adult chimpanzee positional behavior: the influence of body size on locomotion and posture. Am. J. 
Phys. Anthropol. 91, 99–115 (1993).
Animal
Wet months Dry months Total
Days Time Days Time Days Time
Wamba
NB ♂ 4 15:46:12 1 3:46:31 5 19:32:43
ND ♂ 5 25:15:05 3 15:47:32 8 41:02:37
TW ♂ — — 7 28:46:55 7 28:46:55
Jk ♀ 6 19:16:03 — — 6 19:16:03
No ♀ 7 35:45:21 8 41:19:37 15 77:04:58
Yk ♀ 8 38:04:22 3 7:34:10 11 46:38:32
Total 30 134:07:03 22 97:14:45 52 232:21:48
Bossou
YL ♂ 2 8:17:38 4 26:12:47 6 34:30:25
FF ♂ 4 27:30:52 4 26:20:03 8 53:50:55
Jr ♀ 6 34:49:13 7 40:37:48 13 75:27:01
Vl ♀ 4 18:12:39 4 31:04:05 8 49:16:44
Total 16 88:50:22 19 124:14:43 35 213:05:05
Table 3. Observation days and time for each focal animal.
www.nature.com/scientificreports/
8Scientific RepoRts | 7: 5741  | DOI:10.1038/s41598-017-05942-5
 16. Wrangham, R. W. Feeding behavior of chimpanzees in Gombe´ National Park, Tanzania. In Clutton-Brock, T. H., ed. Primate 
ecology. London: Academic Press. pp 503–538 (1977).
 17. Takemoto, H. Seasonal change in terrestriality of chimpanzees in relation to microclimate in the tropical forest. Am. J. Phys. 
Anthropol. 124, 81–92 (2004).
 18. Richards, P. W. The tropical rain forest 2nd ed. Cambridge University Press Cambridge (1996).
 19. Kosheleff, V. P. & Anderson, C. N. K. Temperature’s influence on the activity budget, terrestriality, and sun exposure of chimpanzees 
in the Budongo forest, Uganda. Am. J. Phys. Anthropol. 139, 172–181 (2009).
 20. Mulavwa, M. et al. Seasonal changes in fruit production and party size of at Wamba. In Furuichi. T., Thompson J. eds The bonobos 
behavior, ecology, and conservation. Springer science + business media, LLC. NewYork (2008).
 21. Takemoto, H. Temperature, humidity, and rainfall at Bossou between 1995 and 1998. In Matsuzawa, T., Humle, T., Sugiyama, Y. eds 
The chimpanzees Bossou and Nimba. Springer, pp412–414 (2011).
 22. Takemoto, H. Phytochemical determination for leaf food choice by wild chimpanzees in Bossou, Guinea. J. Chem. Ecol 29, 
2551–2573 (2003).
 23. Kano, T., Mulavwa, M. Feeding ecology of the pygmy chimpanzees (Pan paniscus) of Wamba. In Susman, R. L. ed. The pigmy 
chimpanzees. Plenum Press, NewYork, pp233–274 (1984).
 24. Huffman, M.A., Pebsworth, P., Bakuneeta, C., Gotoh, S., Bardi, M. Chimpanzee-parasite ecology at Budongo Forest (Uganda) and 
the Mahale Mountains (Tanzania): influence of climatic differences on self-madicative behavior. In Huffman, M. A. and Chapman, 
C. A. eds Primate parasite ecology -the dynamics and study of host-parasite relationships-. Cambridge University Press, New York 
P331–350 (2009).
 25. Færevik, H., Markussen, D., Øglænd, G. & Reinertsen, R. The thermoneutral zone when wearing aircrew. J. Therm. Biol. 26, 419–425 
(2001).
 26. Potts, R. Environmental hypothesises of homonin evolution. Yearbook of Physical Anthropology 41, 93–136 (1998).
 27. Maslin, M. A., Shultz, S. & Trauth, M. H. A synthesis of the theories and concepts of early human evolution. Phil. Trans. R. Soc. B 
370, 1663 (2015).
 28. Griffin, D. L. Aridity and humidity: two aspects of the late Miocene climate of North Africa and the Mediterranean. Palaeogeogr. 
Palaeocl 182, 65–91 (2002).
 29. Uno, K. T. et al. Late Miocene to Pliocene carbon isotope record of differential diet change among East African herbivores. 
Poceedings of the National Academy of Sciences 108, 6509–6514 (2011).
 30. deMenocal, P. African climate change and faunal evolution during the Pliocene-Pleistocene. Earth Planet Sc Lett. 220, 3–24 (2004).
Acknowledgements
I thank the Centre de Recherche en Ecologie et Forestrie (CREF) of Democratic Republic du Congo, Direction 
Nationale de la Recherche Scientifique et Technique (DNRST) and Institut de Recherche Environnementale de 
Bossou (IREB) of Republic du Guineé for supporting my field study. I also thank Dr. D. Kimura, Mr. G. Ohashi, 
Dr. T. Sakamaki, Mr. R. Hasegawa, Mr. N. Granier and Dr. K. Koops for their cooperation in the field, Dr. E. 
Hirasaki for his useful comments and Dr. M. A. Huffman for comments on the English. Dr. T. Furuichi and Dr. 
T. Matsuzawa provided me the chance to visit Wamba. This research was supported by a Kakenhi Grant-in-Aid 
for challenging Exploratory Research (19657074 to Takemoto), JSPS core-to-core program HOPE (#15001 to 
Primate Research Institute, Kyoto University), Kakenhi Grant-in-Aid for Scientific Research (A) (17255005 to 
Furuichi) and Global COE Program (A06 to Kyoto University).
Author Contributions
H.T. wrote the paper.
Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
